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Recent results achieved on fabrication of La2NiO4+G membranes, sealing technology and performance in 
pressurized conditions are presented. Porous tubular membrane supports of up to 1 m length are prepared by ceramic 
extrusion. Asymmetric La2NiO4+G membranes are prepared by coating dense selective layers of 10-15 μm thickness 
onto the porous supports. Glass ceramic seals in the system Na2O-CaO-Al2O3-SiO2 are currently being evaluated for 
joining the membranes with high temperature steel alloys coated with a corrosion resistance protective layer. By 
adjusting the composition of the glass system the thermal expansion coefficient is tailored to match that of the 
membrane and steel material. Good seal adherences towards these materials are obtained. Long term oxygen flux 
measurements (>4000 hours continuous operation) performed on symmetric (dense) La2NiO4+G membranes are 
conducted under various conditions (atmosphere, temperature, pressure). The oxygen flux dependency on the oxygen 
partial pressure (pO2) is investigated by increasing the feed pressure and oxygen content. An asymptotic flux behavior 
is observed with increasing pO2. It is seen a significant increase in the flux (by a factor of 6) when increasing the feed 
pO2 from 0.8 to 2.4 bars while a less significant pO2 dependency is observed with further increase. 
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1. Introduction 
Gas and coal power plants require efficient combustion processes with lower emission of pollutants. 
Several technologies are under development to meet these critical requirements. Oxygen transport 
membrane (OTM) technology is one of them. OTMs are dense ceramic membranes which exhibit mixed 
conductivity of oxide ions and electrons at elevated temperatures. As an alternative to other oxygen 
production methods, OTM technology is particularly promising for integration in high temperature 
systems, where hot retentate gas can be used for power generation from gas turbines [1]. The BIGCO2 
R&D Platform (http://bigco2.com) encompasses the development of OTM Technology, aiming to develop 
suitable materials and scalable methods for manufacturing tubular oxygen transport membranes, and also 
focusing on the investigation of sealing technology required for assembly of produced membranes into 
lab-scale modules. 
A target is to demonstrate the feasibility of producing membranes with oxygen flux of minimum 10 
mLcm-2min-1 at the operating temperature (typically around 1000ºC). The targeted flux value has been 
considered as a minimum threshold for many years to achieve competitive oxygen production with OTM 
technology compared to cryogenic distillation [2]. In order to meet this target, the operating conditions of 
the membranes should be optimized (i.e. temperature (T),oxygen partial pressure (pO2) difference across 
the membranes and the sweep gas speed). Another key parameter for obtaining high oxygen fluxes is to 
reduce the membranes thickness, as the flux is inversely proportional to thickness of the membrane given 
that the transport of charge carriers is controlled by diffusion [3]. Hence, efforts are put on preparing 
asymmetric membranes consisting of thin dense selective layers coated onto mechanically strong porous 
supports. Scalable and robust routes for the preparation of asymmetric tubular membranes are developed. 
Ceramic extrusion using water-based pastes enables to produce porous tubular supports with adjustable 
length, diameter and thickness. The selective layer is applied by dip-coating the tubes in colloidal 
suspensions. The process is flexible and allows for controlling thickness, microstructure and compositions 
of the membranes. 
Ruddlesden-Popper phases derived from La2NiO4+G oxide are selected in the present work. Planar 
membranes with variable thickness are previously produced and tested [4]. Results of this work confirm 
the significant increase in flux by decreasing the membrane thickness down to 30 μm. In order to increase 
the surface area/volume ratio of the membrane, production of asymmetric tubular membranes of 
La2NiO4+G is desirable. In addition, it is shown that tailoring stability and transport properties (i.e. oxygen 
flux) of OTMs can be achieved by cation substitution of A and B sites of the Ruddlesden-Popper phase. 
Increased membrane stability is observed when Ni is partially substituted with Fe [5] and an increase in 
oxygen flux is demonstrated by reducing the La/Ni molar ratio to <2 [6]. For the selected material system, 
fluxes above 4 mLcm-2min-1 (40% of the target) are obtained for planar asymmetric La2NiO4+G membranes 
when applying high oxygen concentration at atmospheric conditions (pO2 İ 1bar) [7]. Process flow 
sheeting with OTM processes for oxygen production report that efficient integration can be achieved 
using pressurized air, typically in the range of 20-30 bars, on the feed side of the membranes at 
WHPSHUDWXUHDERYHÛ& [1, 8]. Depending on the oxygen concentration in the inlet air (~21% or ~17% 
for air heated by pre-combustion) a pO2 in the range of 3.4-6.3 bars is realistically obtained. Permeation 
data for OTMs in this range of operating pressures are scarcely reported and transport models predicting 
performance of membranes in operations are mainly built on the basis of measurements carried out at 
atmospheric pressure. Hence, there is a clear need for performing pressurized flux measurements for 
verification of predicted transport properties in conditions closer to the ones encountered in real processes. 
Module assemblies for testing the produced membranes are under development and will be evaluated 
based on operation flexibility (pressure, temperature, gas mixtures, sealing technology). Several module 
configurations and housing materials are presently investigated and a decisive criterion in their selection 
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for further scale up is the successful development of sealants. Brazing, “cold” end sealing technology and 
high temperature glass ceramic seals for use in hot zones are developed and procedures for joining 
membranes to the housing materials are evaluated [6]. Use of glass ceramic seals imposes close match of 
thermal expansion of the seal and the joined materials. Preferably the thermal expansion coefficient (TEC) 
of the seal should be slightly lower than that of the joined materials in order for it to be in compression in 
the assembly. Glass ceramic seals may contain some glassy phase, which does not crystallize upon 
thermal treatment. Such seals are subject to reduced tensile stress, which is accommodated by plastic 
deformation. Obtaining partially crystalline glasses is difficult as most glass systems become completely 
crystalline after relatively short time (several hours to a few days) of operation in the conditions targeted 
for use of OTM-systems (typically 800-1000 °C). On the other hand, fully crystallized seals have poor 
stress reducing ability. Specific glass ceramic seals for La2NiO4+G in the system La2O3-BaO-SiO2 are 
suggested and patented by Budd [9]. One of the glass compositions in this system has a TEC matching 
that of La2NiO4+G and is evaluated by Paulsen [10]. The study demonstrated formation of a secondary 
phase Ba2La8Si6O26 at the interface during the reaction between the seal and the membrane. The TEC of 
this secondary phase is significantly lower than that of La2NiO4+G and causes severe cracks formation and 
seal leakage. In the present work other glass ceramics in the system Na2O-CaO-Al2O3-SiO2 (NCAS) are 
being evaluated. This system is proposed by Smeacetto et al. [11-14] for use with yttria stabilized zirconia 
(YSZ) and metallic interconnects in planar solid oxide fuel cells (SOFCs). A similar system based on 
NCAS glass with MgO crystalline material is reported by Nielsen et al. [15] to be successfully used as 
seal for SOFCs.  
The present document provides a current update on results achieved on the preparation of symmetric 
and asymmetric tubular membranes of La2NiO4+G material, as well as on the investigation of suitable 
sealing materials/procedures for assembling membrane modules. Long term operation of tubular 
La2NiO4+G membranes under various conditions and high pressure measurements are also presented. 
2. Experimental 
Development of tubular membranes 
Proprietary methods for preparation of water based ceramic pastes were developed at SINTEF using 
La2NiO4+G powder produced by combustion method (Marion Technologies, France) or spray-pyrolysis 
(CerPoTech AS, Norway). Both porous and dense tubes were extruded with dimensions of 12 mm outer 
diameter in the green state. The symmetric membranes (dense tubes) were dried overnight at controlled 
temperature and moisture content. The dried tubes were sintered to full density after annealing in air at 
1500qC for 5 hours. The porous supports were dip-coated in slurries prepared with La2NiO4+G spray-
pyrolysed powder. The coated membranes were sintered in air at 1350qC. The produced membranes were 
characterized by Scanning Electron Microscopy combined to Electron Dispersive Spectroscopy (SEM-
EDS), gas permeation at room temperature with various feed gas pressures for evaluation of gas tightness, 
and high temperature gas permeation measurements for evaluation of flux and stability in operation. 
Development of sealant materials and sealing procedures   
Six seal glasses, presented in Table 1, were prepared using the following chemicals: Na2CO3, CaCO3, 
Al2(OH)6xH2O and SiO2. The powder mixtures were heated to temperatures ranging from 1500-1530°C 
with a dwell time of 4 hours. The resulting melts were quenched on a copper plate, and the slightly cooled 
liquids (500-600°C) were transferred to an annealing furnace for stress relieve by slow cooling (50°C/h) 
between 640 and 450°C. From the annealed ingots, bar specimens were cut for dilatometric 
measurements. The glass ingots were also milled in a swing mill equipped with WC  crucibles for 60s to 
obtain a glass powder. The thermal expansion of the glasses was measured by a push-rod dilatometer 
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(NETZSCH 403E) with heating/cooling rate of 2°C/min giving the TEC of the glassy material. The 
dilatometer samples were heated to 900°C and held for 24 hours in order to obtain fully crystallized 
samples. The TEC of the crystallized glasses were measured in the same way as for the glassy samples, 
but the maximum temperature was set to 935°C and the samples were held at this temperature for 2 hours 
before cooling. The TEC was calculated both for the heating and the cooling cycles 
 
Table 1. Molar composition of glasses 
 
Seal Molar composition 
ID Na2O CaO Al2O3 SiO2 
SG1 12 21 12 55 
SG2 15 21 9 55 
SG3 18 21 6 55 
SG4 12 25 8 55 
SG5 15 25 5 55 
SG6 18 25 2 55 
 
The melting and wetting behaviour of the glasses (melting temperature, softening point) were 
evaluated by heating small tablets of the glassy powders on sintered La2NiO4+G substrates prepared from 
spray-pyrolysis powder in an optical dilatometer (Misura HSM ODHT 1600, Expert systems). The 
La2NiO4+G substrates were pressed, sintered and polished to obtain samples with 10 mm diameter and 1 
mm thickness. The polished tablets prepared from glassy powders of particle size < 45 μm were washed 
in ethanol in an ultrasound cleaner before melting experiments, which were performed at a heating rate of 
30°C/min. 
Set-up and protocol for permeation measurements at high temperature and pressure 
Oxygen flux measurements were performed on symmetric tubular membrane samples of 1.6 mm thick. 
The ends of the membranes were polished to prior assembly in the testing module. Sealing was achieved 
using gold O-rings between a dense alumina tube and a dense alumina disk in a standard ProboStatTM test 
cell, as illustrated in Figure 1. A high temperature steel enclosing tube was used for high pressure oxygen 
permeation measurements. 
After sealing the temperature was fixed at 900qC and flux measurements were performed using 20-
80% oxygen with helium (for leak detection) in the feed gas and argon as sweep gas on the permeate side. 
The high amount of oxygen (>20%) in the feed gas was used to simulate higher air pressures (higher 
oxygen partial pressure, pO2). The flow rate in the feed gas was kept constant at 50 mL/min, while the 
flow rate of the sweep gas was varied between 40 to 320 mL/min. The total pressure on both feed and 
permeate sides of the membrane was varied from 1 to 8 bars. First measurements were performed using 
the same absolute pressure applied on each side of the membrane up to 8 bars (a slight overpressure is 
applied on the feed side, typically 50 mbars gradient). This was done to protect the sealing, however, at 
the cost of reduced driving force over the membrane due to less efficient flushing of the permeate side. 
For measurements with increased absolute pressure gradient, the permeate pressure was fixed at 1 bar 
while the feed pressure was gradually increased from 1 to 8 bars. The maximum oxygen partial pressure, 
pO2, applied on the feed side was 6.4 bars (80% oxygen at 8 bars), simulating realistic air pressures (21% 
oxygen) up to a30 bars. The various measurements were conducted over a total time frame of 4000 hours 
of continuous operation. The leakage was calculated from the presence of small amount of helium in the 
permeate/sweep gas, continuously monitored with a Micro Gas Chromatograph (μ-GC, Varian CP4900). 
The Helium leakage was below 0.3% of the oxygen flux during all measurements. The oxygen flux 
through the membrane was corrected from this leakage assuming a linear relationship between the O2 and 
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He leakage transport. Using this worst-case scenario correction (Knudsen diffusion not considered) will 
result in an overestimate of the O2 leakage, however, simultaneously prevent an overestimation of the O2 
flux through the membrane. Moreover, the helium leakage was so low that a linear or Knudsen correction 




Figure 1. Schematic illustration of set-up used for tubular La2NiO4+G membrane sealed with gold rings. 
 
3. Results and discussion 
Characterization of produced membranes  
Symmetric tubular membranes and porous tubular La2NiO4+G supports of up to 1 m length and 10-12 
mm outer diameter are successfully extruded, as shown in Figure 2. The extrusion process has been 
tailored to enable the production of both open end and closed end tubes. The tubes are further coated with 
colloidal suspensions which results in homogeneous and well adherent membrane layer on the support, as 
shown in Figure 2 b). A clear transition from the coated surface (membrane layer) to the uncoated area 
(porous support) can be observed. Examples of SEM micrographs of prepared asymmetric membranes 
(coated and sintered) are given in Figure 3. The thickness of the dense membrane layer is typically in the 
range of 10-15 μm, and is tailored by adjusting slurry composition and coating procedure (i.e. number of 
dipping and withdrawal speed). 
Chacterization of seals  
The glass transition temperatures (Tg) and dilatometric softening temperatures (Td) of the produced 
glasses as well as the values of thermal expansion coefficients (TEC) before and after crystallization are 
given in Table 2. It is observed that the TEC of the crystallized glasses during cooling are generally 
higher than during heating. This indicates that the crystallization at 900°C has not been complete and that 
further changes in the microstructure have taken place during the dilatometric experiments. The TEC 
values obtained during cooling indicate that several of the seal compositions should match the TEC value 
of the membrane material, of a1310-6 °C-1 [10, 16] in the temperature range 25-900°C. They are also 
compatible with the TEC of high temperature alloy (Sandvik Sanergy Fe-Cr) selected as housing material 
for the membrane module (of a1210-6 °C-1) as reported by the supplier.  
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Figure 3. SEM micrographs in cross-section view of 2 asymmetric membranes (2 different magnifications) of 
prepared asymmetric membranes. The porous supports of the membranes were produced with different pore formers. 
 
 
Table 2. Glass transition temperature (Tg), softening temperature (Td) and TEC of glasses. The temperatures for Tg 
and Td have an expected accuracy of ± 5° C while the TEC data are given with an accuracy of < ± 1%. 
 
      TEC x 10-6 °C-1 
Seal Tg Td Glass Heating Cooling 
ID (°C) (°C) 25-500°C 25-900°C 25-900°C 
SG1 630 685 9.4 11.8 12.1 
SG2 563 620 11.4 12.6 13.0 
SG3 537 576 11.9 12.3 12.0 
SG4 584 648 10.8 9.6 11.4 
SG5 555 612 11.8 11.5 12.1 
SG6 516 560 13.7 11.9 13.6 
 
A La2NiO4+G membrane sealed to the coated alloy material using one of the produced glasses is shown 
in Figure 4 in form of SEM micrographs of polished cross-sections of the assemblies. The seal exhibits 
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be seen that while the seal does well adhere to the corrosion resistance layer of the alloy some 
delamination of the protective coating from the substrate occurs. Work is presently in progress to improve 
the annealing treatment of the coating layer so as to improve the microstructure at the seal/coating/alloy 
interfaces. 
Further work, currently in progress, includes studies of diffusion couples of the glass ceramic seal 
versus the respective membrane materials and powder mixtures of seal glass and membrane materials. By 
heating to relevant temperatures and varying the holding times, the reactions between the membranes and 
the seal are evaluated (XRD, EMPA). Especially the diffusion couples are important since they readily 
reveal if microcracks or flaws are formed due to secondary phases with TEC not compatible with the 
membrane/steel material. Further crystallizations cycles will be performed to achieve stable TEC data for 




Figure 4. SEM micrographs in cross-section view of seal/membrane interface and seal/alloy interface 
 
Testing of symmetric tubular membranes 
The oxygen flux of the membrane as a function of temperature for three different oxygen gradients and 
with 8 bars absolute pressure on each side of the membrane is shown in Figure 5. The flux increases with 
the temperature and the feed oxygen partial pressure. Under these conditions the flux is fairly low, 
reaching 0.0023mL/min/cm2 at 900Û& with 80% oxygen in the feed gas (pO2 = 6.4 bars, simulating 30 
bars air pressure). The aYHUDJHDFWLYDWLRQHQHUJ\IRUWKHIOX[ LVN-PROEHWZHHQDQGÛ&IRU
80% of oxygen in the feed side. 
The oxygen flux measured when increasing the pO2 in the feed side and using 1 bar pressure on the 
permeate side is depicted in Figure 6. A significant increase in the flux (by a factor of 6) can be observed 
when increasing the feed pO2 from 0.8 to 2.4 bars. On the other hand, a further substantial increase in the 
feed pressure from 2.4 to 6.4 bars does not yield significant increase in the flux. The presented evolution 
of the flux (Figure 6) simulates the membrane properties when applying air pressure in the range of 1 to 
30 bars, assuming 21% O2, on the feed side of the membrane. This evolution might be due to several 
phenomena, such as increasing surface limitations which can restrict the flux [17], structural modification 
of the membrane yielding the formation of intergrowths (e.g. La3Ni2O7 + ½ La2O3) at high oxygen partial 
pressures, reduction of the Ni cations on the permeate side which will affect the transport properties of the 
membrane, etc. Increasing the pO2 may also influence the concentration of charge carriers and thereby, 
the conduction pattern. Preliminary post-mortem analyses of the membranes are conducted in an attempt 
to evaluate these assumptions. A clear evolution of the microstructure on the membrane surface (feed 
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in various conditions. EDS analysis does not reveal conclusive difference in composition between the 
feed and the permeate sides of the membrane. It is presently difficult to explain the cause(s) of these 
modifications and further investigations, i.e. by X-ray photoelectron spectroscopy (XPS) and high 
temperature in-situ X-ray diffraction (XRD) in various oxygen partial pressure gradients are needed. 
 
  
Figure 5. Oxygen flux versus temperature: flow of O2/He mixtures in the feed gas (50mL/min) and flow of Ar sweep 




Figure 6. Oxygen flux through symmetric tubular La2NiOį membrane at 900°C with 40 mL/min Ar constant sweep 
flow and 1 bar pressure on the permeate side. The feed side total pressure was gradually increased from 1 to 8 bars 
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Figure 7. SEM micrographs of the feed side before (left) and after more than 4000 hours of testing (right) 
 
4. Conclusions 
Porous tubular membrane supports of La2NiO4+G for oxygen transport membranes are prepared by 
ceramic extrusion with a length scaled up to 1 m. Coating of supports with dense selective layers of the 
same material results in asymmetric membranes with 10-15 μm thick dense layer. Glass ceramic seals in 
the Na2O-CaO-Al2O3-SiO2 system are evaluated for joining the membranes with high temperature steel 
alloys. The thermal expansion coefficient of this system is tailored to match that of the membrane and 
steel materials by adjusting the composition of the glass. Long term oxygen flux measurements (>4000 
hours continuous operation) performed on symmetric (dense) La2NiO4+G membranes are conducted under 
various conditions (atmosphere, temperature, pressure). The oxygen flux dependency on the oxygen 
partial pressure (pO2) is investigated by increasing the feed pressure and oxygen content. The oxygen flux 
increases by a factor of 6 when increasing the feed pO2 from 0.8 to 2.4 bars while a less significant pO2 
dependency is observed with further increase. These results indicate that the La2NiO4+G material system is 
best suited for applications were moderate air pressures (5-10 bars) is applied on the feed side of the 
membrane. A more in-dept analysis of this flux behavior is initiated. 
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